Taking advantages of distributed feedback laser diode a technique is described to achieve high-sensitive measurement for water vapor concentration. This technique, with a modified balanced ratio metric detection system, has improved the accuracy of measured absorption spectrum by two main aspects. Improvement by matching equivalent conductivity of signal or reference photo detector (PD) is presented, and with the additional matched resistance suppression for the power variation in the signal-beam has been improved from 53 to 88 dB. The importance of integrating amplifier bandwidth design from the circuit to the measured absorption spectrum has been demonstrated in our experiment. For a scan rate of 32 Hz with an optimal corresponding bandwidth of 15.9 kHz, the absorption spectrum is well described by Voigt profile, with a difference of 1% at an atmosphere pressure of 1 atm and a room temperature of 296 K. With the application of averaging and filtering, absorption sensitivity of 1.093 × 10 −6 for water vapor at 1368.597 nm has been demonstrated, and the corresponding concentration is 71.8 ppb in just a 10 cm path length.
Introduction
Trace measurement of water vapor is very important in many fields. Precise measurement of water concentration is necessary during the fabrication of polymer [1] and phytosphere research [2] , and environment analysis also requires real-time measurement of water vapor concentration distribution [3] . The corresponding techniques for water vapor concentration measurement have been proposed and developed by many experts in different kinds of fields. Tunable diode laser is a useful tool in instrument fabrication for gas detection, all the more so tunable diode laser absorption spectroscopy (TDLAS) is widely used in gas phase monitoring of trace impurities [4] . Wavelength of laser diode could be current-modulated rapidly, and this advantage is usually used by a signal averager to increase the signal-to-noise ratio (SNR) during laser absorption measurement. [5] The most common method used in a spectrum absorption type gas sensor is to utilize double-beam differential absorption [6, 7] . With this method, the output of a laser diode is split into a signal and a reference-beam. The signal-beam propagates through the gas chamber to detect gas concentration information. Simultaneously, the reference-beam nearly propagates through the same length of optic route. Then both of them couple on their corresponding photo detectors (PD). Photocurrents are always transformed into voltages, and then subtraction or division of the transformed voltages is used to yield an output to demodulate the concentration of probed gas. The two methods both have the advantages of unintended noise cancellation, which may stem from laser intensity, temperature, and signal phase fluctuations of measurement. However, their performances are limited by many problems, such as the amplitude-phase imbalance derived from the optical system and an insufficient bandwidth derived from poor performance of analog devices. If the signal and reference-beams cannot get a fine adjustment, not only would the advantages would be lost but also excess noise and limitations may be brought into the detection system [8] .
We have been developing a technique based on TDLAS to apply to the high-sensitive measurement of water vapor. Simultaneously, this technique is combined with a balanced ratiometric detector (BRD). The use of BRD has masterly solved the insufficiencies of common methods. BRD can provide a very wide, temporal bandwidth and an excellent linearity. To create a practical and compact instrument, a 14 pins butterfly packaged distribution feedback laser diode (DFB-LD) with an emission wavelength of 1.37 μm is utilized during the design of our optical fiber gas sensor. The optimized sensor in operation in our experiment has achieved a detectable sensitivity of 71.8 ppb (parts per billion) in a 10 cm path length.
Principle of Detection
BRD, initially innovated by Hobbs [9] based on the Ebers-Moll model is an electric noise cancellation technique. It is designed to cancel excess noise (i.e., noise above the shot-noise level caused by noisy laser, PD), where the noise of PD is electronically cancelled, instead of being balanced optically in a conventional dual-beam detection system. It was demonstrated that the noise level of its output depends only on the shot-noise of the signal-beam. And the shot-noise limited spectroscopy of measurement for I 2 vapor has been achieved by Haller and Hobbs [8] . Then BRD has been developed by Allen et al., [10] Upschulte and Allen [11] , and Sonnenfroh and Allen [12] for diode laser sensors. Based on absorption spectroscopy in the region of near-infrared, we have developed the BRD technology to measure water vapor concentration. And the absorption line at 1368.597 nm has been selected as the probed target. Figure 1 is a schematic of the BRD system our work utilized.
Current derived from a reference-beam is split into two parts, which cross through a differential pair of bipolar junction transistors (BJT). The split ratio of BJTs only depends on the difference ΔV be ΔV be2 − ΔV be1 , and it has nothing to do with the amplitude of current derived from a referencebeam. Simultaneously, current derived from a signalbeam is subtracted by the current across Q 2 at the invert junction of amplifier A 1 . The realization of beam splitting requires that reference-beam intensity is somewhat higher than that of the signal-beam. Output of A 1 reflects current subtraction after the feedback resistor. With the integrating amplifier A 2 , a negative feedback loop is formed to adjust ΔV be automatically by sensing A 1 's output. Then A 1 's output can be forced to be zero. The output of integrating amplifier A 2 (log ratio output, shown in Fig. 1 ) is given by the following equation [8] :
where V should be in Volts, I ref and I sig refer to currents derived from a reference-beam and signalbeam, respectively. When the Beer-Lambert law is taken into consideration, the relationship between the measured voltage and the concentration of water vapor can be expressed as
where ST (cm · mol −1 ), which can be found in the HITRAN 2008 database [13] is the intensity of the transition at temperature TK. gν (cm) is the line shape function, v (cm −1 ) is the frequency of the DFB-LD. P (atm) is the total pressure. L (cm) is the length of a uniform gas medium. C is the mole fraction of the absorbing species in the mixed gas. k (J · K −1 ) is Boltzmann's constant. When weak absorption is applied to Eq. (2), the measured voltage V is nearly proportional to absorbance and consequently V is proportional to water vapor concentration C. With the scan of DFB-LD, spectrum of water vapor near 1.37 μm could be depicted by recording the corresponding V.
A ladder-shaped drive current is used to modulate DFB-LD. According to Eq. (1), for two ideal PDs, the two bases of ladder-shaped curve V, which is recorded during a scan cycle of DFB-LD, should be completely at the same level. But the circuit of Fig. 1 does not exploit this feature. For a signal-beam with a voltage variation of 3.9 V, Haller [8] has commendably suppressed it to 12 mV (50 dB). Slant of the two bases primarily is derived from the difference of an electrical conductivity change of the two PDs. An adjustable resistance (shown in Fig. 1 ) is inserted into a signal-beam or reference-beam to compensate for the difference in the electrical conductivity change. As a result, the variation has been suppressed to more than 88 dB (200 μV corresponding to 5.28 V).
Other circuits, including additional amplifier and filters, have been assembled to process the recorded signal and to improve the detectivity of this technique. With application of an average technique to the recorded signal of V, the detectable sensitivity would be improved. Figure 2 is the setup for the high-sensitive measurement of water vapor with a single mode DFB-LD, whose emission wavelength is 1.37 μm. The DFB-LD is driven by a 32 Hz ladder-shaped current ranging from 24 to 70 mA, which is generated by ARM7 (LTC1758, NXP, Netherlands). Simultaneously, the temperature of DFB-LD is controlled by an integrated chip (LTC 1923, Linear Technology, USA). Thus, the laser light with the absorption peak of water vapor at 1368.597 nm is coupled into and then transformed by a single-mode fiber. A 3 dB coupler split laser light into two identical beams, the reference-beam is directly coupled on PD through fiber; on the contrary the signal-beam is coupled on PD after interacting with water vapor in the gas cell. The output of the BRD system is linearly amplified by 2 orders of magnitude and filtered by an active power low-pass filter with a corner frequency of 500 Hz. The data of curve V is collected by a data acquisition card (PCI-2113A4, RECO, China) with a sampling rate of 57.6 kHz. One hundred and sixty scans of the spectrum are averaged to yield out voltage differences (demodulated signal) between the probed absorption peak and the base line without absorption.
Experiment Apparatus and Results

A. Experiment Apparatus
Before conducting our experiment, pure N 2 (with a purity of 99.999%) is aerated into a gas cell shown in Fig. 3 to dry the inner gas. Sample gases with different humidity are used to change water concentration, and sample gases are generated by a humidity generator with an accuracy of 0.1°C dew point. The two collimators are connected by a 30 cm single mode fiber; the total effective optic route length is 10 cm. The gas cell is designed with high impermeability because all of the ports, except 1 and 2, are injected with epoxy resin to prevent impurities, especially water vapor from permeating into the gas cell.
B. Experiment Result and Analysis
It is important to note that the accuracy of absorption profile is significant to the proportionate relationship between measured voltage and water vapor concentration. Absorption profile reflects the response time of our technique, which is determined by the bandwidth of the integrating amplifier instead of the gain bandwidth of the transistor pair. Gain bandwidth of BJTs is decisive for noise cancellation [9] and it is as high as 400 MHz for BJTs used in our experiment. The bandwidth design of the integrating amplifier should be according to the laser scan rate and absorption line width.
To precisely show the line style of log ratio output, the absorption spectrum shown in Fig. 4(b) is an example of water vapor concentration more than 5000 ppm in an optical length of 10 cm. Figure 4(b) is an average of 128 scans recorded by a oscilloscope (TDS1002B-SC, Tektronix, USA) with a sampling rate of 100 kHz. Our measurement result for the Fig. 2 . Schematic of experiment apparatus used in our work.
(1) Temperature and current controller, (2) laser diode, (3) coupler, (4) gas cell, (5) BRD system, (6) amplifier and filter, (7) data acquisition, and (8) data processing. (1) Intake for sample gas, (2) outlet for sample gas, (3) collimator, (4) port to inject epoxy resin, (5) fiber used to connect two collimators, and (6) gas cell cavity.
relationship between the inverted log ratio output profile and the bandwidth of an integrating amplifier is shown in Fig. 4(a) .
When the ambient pressure and temperature are neither too high nor too low, the Voigt profile is always used to fit the line shape function in Eq. (2) [14] . Calculation of absorption spectrum with a Voigt profile is used to calibrate the accuracy of output at atmosphere pressure of 1 atm. A drive current with a frequency of 32 Hz is used. As shown in Fig. 4(a) , the inverted log ratio output is very different from the Voigt profile when bandwidth is near 32 and lower than 32 Hz, respectively. We list the differences of FWFM between absorption profiles of the measured inverted log output and Voigt profiles in Table 1 . Figure 4 (b) presents the comparison of the absorption spectrum and the Voigt profile. Absorption spectrum with a bandwidth of 15.9 kHz is well described by the Voigt profile. The difference shown in Fig. 4(b) is typically ∼1%, half-width FWFM of measured log ratio output is 0.184 cm −1 and that of Voigt profile is 0.186 cm −1 at 1368.597 nm. The higher the bandwidth of the integrating amplifier is, the more accurate the absorption profile is. Bandwidth of the integrating amplifier can be designed as high as several hundred kHz in the circuit shown in Fig. 1 . So in the design of an optic-fiber water vapor sensor, it's possible to increase the scan rate by many times.
During our experiment DFB-LD is driven by a ladder-shaped current ranging from 24 to 70 mA. The two bases of ladder-shaped profiles are used to conveniently confirm the spectrum base line of water vapor given by log ratio output. In practical applications, an optic fiber gas sensor always adopts Si or InGaAs PIN PD as an optical signal receiver. Positive intrinsic negative (PIN) PD achieves photovoltaic conversion based on photoelectric effect. Carrier (holes or electrons) concentration varies with the change of light intensity coupled with the photosensitive surface. Thereupon photoconductivity of PD Δσ would be changed. When there is no light coupling on PD a dark conductivity σ 0 exists. The total conductivity σ for PIN PD is given by
where q is the electron charge; μ is electronic mobility for semiconductor material of PD; Φ is light power coupled on PD; η is quantum efficiency; τ is response time for PD; h is Planck constant; ν is photon frequency; LWD (product of length width and depth) is volume for semiconductor material of PD. From Eq. (1) and Eq. (3), we can obtain
where V b is voltage bias inflicted on PDs. Actually the dark conductivities of the two PDs σ 0ref and σ 0sig are not perfectly matched, which could cause unbalance of the base line of log ratio output. That is to say, a variation of signal cannot be suppressed effectively because the unbalance applicability of Eq. (1) would be reduced. What is worse, an unbalance of base line would be amplified by two orders of magnitude when additional preamplifier is used. Plus, the unbalance of the base line could reach up to Volt-size. For PCI-2113A4, which can only collect signal ranging from 0 to 10 V, would weaken detective ability and reduce the accuracy of optical fiber gas sensor. Unbalance of the two ladder-shaped bases reaches to 12 mV without any processing of log ratio output shown in Fig. 5(c) . An adjustable resistance (matched resistance) has been inserted in the reference-beam of the BRD system during our experiment. The inserted resistance should match the two dark conductivities to be
During our experiment the matched resistance is 3.96 kΩ. As a result variation of the signal has been suppressed to be lower than 200 μV, corresponding to signal variation of 5.28 V shown in Fig. 5(a) . Suppression of signal-beam variation has been improved from 53 to 88 dB. However, the corresponding suppression shown in Haller's research is 50 dB [8] .
With the adjustment of matched resistance, unbalance of base line is controlled within 20 mV after a preamplifier with a magnification factor of 100 and a low-pass filter with a corner frequency of ω 500 Hz. Calculated shot-noise-equivalent absorption for an SNR of 1 is given by [8] 
Where Δf is the equivalent measurement bandwidth corresponding to the corner frequency of low-pass filter. Δf 1∕2πω 785 Hz i sig is the signal photodiode current. Since the averaged signal power coupler on the PD is approximately 1 mW and PD has a responsibility of 0.9 A∕W. Thus the calculated noise-equivalent absorption α 7.47 × 10 −7 . Sample gases with different humidity is injected into the gas cell to change the inside water vapor concentration. The demodulated signal derives from subtraction of absorption peak value and base line of the profile collected by PCI-2113A4. A moisture meter based on dew point method (S8000INTE-GRALE S8K-I, MICHELL, UK) is used to monitor the water vapor concentration of inside gas. Figure 6 shows the demodulated signals versus sample gases with different water vapor concentration. Simultaneously, the corresponding normalized absorption capacities are listed.
As shown in Fig. 6 , the demodulated signal is well proportional to water vapor concentration ranging from 23 to 832 ppm. The proportional relationship is described by a linear equation with an R-square of 0.99978. Given the humidity generator's ability of generating sample gas with water vapor concentration lower than 23 ppm, we do not attempt to measure much drier sample gas. The sensitivity of this technique is deduced by the data we have measured. The spectrum profile used to obtain a demodulated signal is an average of 160 scans. The calculated noise-equivalent absorption α 7.47 × 10 −7 , while in practical application the noise in absorption profile is the combined effect of system noise including optical and electrical noise. The minimum concentration measured in our experiment is 23 ppm with a relative absorption of 3.501 × 10 −4 . The collected demodulated signal for 23 ppm is 70 mV, while the detected noise is 156 μV. Taking the unbalance of base line into consideration, SNR of demodulated signal for 23 ppm is SNR 70 − 20∕0.156 320. Thus, the deduced minimum absorption sensitivity could be improved to 1.093 × 10 −6 , that is to say the minimum concentration for water vapor at 1368.597 nm that can be detected would be 71.8 ppb for just a 10 cm path length.
Conclusion
BRD is a useful and simple technique for noise cancellation, especially in the field of optic fiber gas sensor. In this paper BRD is used for high-sensitive measurement of water vapor concentration and much deeper research has been done during our experiment.
Accuracy of the detected absorption spectrum is very important for demodulation of water vapor concentration. And the design for bandwidth of integrating amplifier is decisive for the accuracy. A laddershaped current with a frequency of 32 Hz is used to drive the DFB-LD. When the bandwidth is designed as 15.9 kHz, the measured absorption spectrum is typically ∼1% different from the calculated one with a Voigt profile. Bandwidth of integrating amplifier can be designed as high as several hundred kHz and the scan rate could be increased further without changing the accuracy of the detected absorption spectrum.
The InGaAs PIN PD is a photoconductive device. The mismatch of dark conductivities of two PDs utilized in BRD circuit would bring variation into the measured absorption spectrum. With the insertion of matched resistance, suppression for signal-beam variation has been improved from 53 up to 88 dB. Besides, averaging and filtering technique are applied to our experiment. The detection sensitivity for this technique described in this paper could reach to 1.093 × 10 −6 for a 10 cm path length. Higher sensitive detectivity for this technique is possible by increasing scan rate of DFB-LD and narrowing the bandwidth of low-pass filter, in this case a high-performance driving chip and filter would be required.
